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Introduction
The prediction of the dispersion of contaminants released into various turbulent flows is of practical importance in a number of applications ranging from industrial mixing problems to the analysis of nuisances and hazards in air quality, pollution and combustion involving the release of toxic, radioactive or flammable materials. In this sense, safety has been an important consideration from the very beginning of the development of nuclear reactors. The main safety concern has always been the possibility of an uncontrolled release of radioactive material leading to contamination and consequent radiation exposure off-site.
The potential danger of an accident at a nuclear power plant is exposure to radiation. This exposure could come from the release of radioactive materials from the plant into the environment usually characterised by a plume formation. The area the radioactive release may affect is determined by the amount released from the plant, wind direction and speed and weather conditions which would swiftly drive the radioactive materials to the ground. In consequence, much effort has been expended on the development of mathematical models to predict mean concentrations of contaminants for a given emission-source distribution. In fact, models are instruments for control strategies and contaminants emissions (Finzi and Guariso, 1992; Parra-Guevara and Skiba, 2003; Skiba, 2003) . Moreover, the formulation of emergency plans is based on the possible scenarios of concentration in the air and, therefore, with tools as the mathematical models of dispersion in the atmosphere, can tie the causes (the sources) of pollution with its relative effects (the concentrations of contaminants) and foresee the concentrations to the ground in different heights.
In a recent work, Moreira et al. (2005f) proposed an analytical solution for a radioactive contaminant dispersion in the atmosphere, solving the time-dependent, two-dimensional advection-diffusion equation by the Advection-Diffusion Multilayer Method (ADMM). The main idea of the ADMM is based on a discretisation of the Atmospheric Boundary Layer (ABL) in N sublayers, where the advection-diffusion equation is solved in each sublayer by the Laplace transform technique, considering an average value for eddy diffusivity and wind speed. Following the above idea, Moreira et al. (2007) solved the same equation by the Generalised Integral Laplace Transform Technique (GILTT) approach in order to avoid the stepwise discretisation of eddy diffusivity coefficient and wind speed appearing in the ADMM. The main idea of the GILTT approach relies on the expansion of the concentration in series of eigenfunctions attained from an auxiliary problem, replacing this equation in the advection-diffusion equation and, taking moments, we come out with a matrix ordinary differential equation that is solved analytically by the Laplace transform technique. The experimental data used in the simulations of the ADMM and GILTT models were of controlled releases of radioactive tritiated water vapour from the meteorological tower close to the power plant at Itaorna Beach, Brazil (Biagio et al., 1985; Martano and Paschoa, 1997) . In the ADMM model, the wind profile was determined using experimental meteorological data and the micrometeorological parameters were calculated from empirical equations obtained in the literature (Moreira et al., 2005f) . In the simulations of the GILTT approach, the same experiment was used with the wind profile determined by the well-known Mesoscale Model (MM5), and the micrometeorological parameters were also calculated from empirical equations (Moreira et al., 2007) .
In the present work, we report a numerical and statistical comparison between ADMM and GILTT approaches to simulate a radioactive contaminant dispersion in the ABL using, for the first time, micrometeorological parameters generated by Large Eddy Simulation (LES) in the area around the Angra dos Reis nuclear power plant. Furthermore, to better describe the wind profile of the irregular ground level terrain, we consider the wind profile as a solution of the MesoNH model (Lafore et al., 1998) . The MesoNH model has the ability to run both large eddy and mesoscale simulations.
To reach our objective, we organise this paper as follows: In Section 2, we report the advection-diffusion equation solution by the ADMM and GILTT approaches. In Section 3, the turbulent parameterisations are presented. The results and comparison with experimental data are in Section 4 and, finally, we present the conclusions in Section 5.
Solutions of the advection-diffusion equation by the ADMM and GILTT approaches
Atmospheric air pollution turbulent fluxes can be assumed to be proportional to the mean concentration gradient. This assumption, along with the equation of continuity, leads to the advection-diffusion equation. Considering a Cartesian coordinate system in which the x axis coincides with the direction of the average wind and z is the vertical axis, the crosswind time-dependent advection-diffusion equation can be written as (neglecting the longitudinal diffusion) (Blackadar, 1997) :
for 0 < z < h, t > 0 and x > 0;
where:
The mathematical description of the dispersion problem represented by Equation (1) is well-posed when it is provided by boundary and initial conditions. For this end, we introduce the usual boundary conditions of zero flux at the ground and ABL at the top and a source with emission rate Q at height H s :
where δ (z -H s ) = Dirac delta function and H s = source height. Indeed, it is assumed that at the beginning of the pollutant release, the dispersion region is not polluted; this means:
In the sequel, we briefly report the solutions of the advection-diffusion equation by the ADMM and GILTT approaches.
The ADMM approach
To solve the advection-diffusion equation for inhomogeneous turbulence by the ADMM approach, we must take into account the dependence of the eddy diffusivities and wind speed profile on the height variable (z). Therefore, we perform a stepwise approximation of these coefficients (Moreira et al., 2005f; 2005b-c; 2006b ). To reach this goal, we discretise the height h of the ABL into N subintervals in such a manner that inside each subregion, the average values of the eddy diffusivity and wind velocity are assumed. Besides, applying the Laplace transform in the x and t variables
we get:
which has the well-known solution:
Finally, a linear system for the integration constant is built by applying the boundary and interface conditions to the concentration. Henceforth, the concentration is obtained by inverting numerically the transformed concentration by the Gaussian quadrature scheme:
c n = concentration at the n-th subinterval H(z -H s ) = Heaviside function k and m = numbers of the quadrature points.
G n and F n are given by:
where a i , a j and p i , p j = weights and roots of the Gaussian quadrature integration scheme and are tabulated in the book of Stroud and Secrest (1966) . For more details about the ADMM approach, see the work of Moreira et al. (2005f) .
The GILTT method
Using the Laplace transform technique in transforming t into r and c into C, applying the initial condition (1c), Equation (1) becomes:
where λ * = λ + r. Taking advantage of the well-known solution to the stationary problem with advection in the x direction by the GILTT method (Wortmann et al., 2005; Moreira et al., 2005e; 2006a; 2009) , we pose that the solution to Problem (1) has the form:
where Ψ i (z) = eigenfunctions of an associated Sturm-Liouville problem (Ψ i (z) = cos(λ i z)
for i = 0,l,2,3,... and λ i = iπ / h) and ( , )
i c x r is the solution to the transformed problem which is given below.
Proceeding in a similar manner to the work of Wortmann et al. (2005) , we obtain the transformed problem that, in matrix notation, becomes: E. The entries of the matrices B and E are written as:
The transformed problem represented by Equation (7) is solved analytically by the Laplace transform technique and diagonalisation (Wortmann et al., 2005) . Finally, the time-dependent concentration is obtained by inverting numerically the transformed concentration C(x,z,r) by a Gaussian quadrature scheme:
a k and p k = weights and roots of the Gaussian quadrature scheme, respectively, tabulated in Stroud and Secrest (1966) m = number of the quadrature points M = truncation order of the series.
For more details about the GILTT method, see the works of Moreira et al. (2006a; 2009) .
Turbulent parameterisation
In this work, we needed to calculate three-dimensional concentration. This way, we assumed a Gaussian distribution in the lateral direction and we had taken into account the dispersion parameter σ y . Therefore, the final equation to calculate the ground-level centerline concentration is:
where the ground-level crosswind integrated concentration in Equation (9) is calculated employing Equations (4) and (8).
In the atmospheric diffusion problems, the choice of a turbulent parameterisation represents a fundamental decision for contaminant dispersion modelling (Moreira et al., 2005a) . From a physical point of view, the turbulence parameterisation is an approximation in the sense that we are putting in the mathematical models an approximated relation that, in principle, can be used as a surrogate for the natural but unknown term. The reliability of each model strongly depends on the way the turbulent parameters are calculated and is related to the current understanding of the ABL (Mangia et al., 2002) . For the lateral dispersion parameter σ y , we followed Degrazia et al. (1998) where X = nondimensional distance (X = xw * / uh) and the dissipation function is given by ψ 1/3 = 0.97 (w * is the convective velocity and x is the source distance). In terms of the convective scaling parameters, the vertical eddy diffusivity can be formulated as (Degrazia et al., 1997) :
Thus, in this study, we introduced the vertical eddy diffusivity (Equation 11) in the ADMM and GILTT models (Equations 4 and 8, respectively) and the lateral dispersion parameter (Equation 10) in Equation (9) to calculate the ground-level concentration of emissions released from an elevated continuous source point in an unstable/neutral ABL. The wind speed profile is generated by the MesoNH model and the micrometeorological parameters by the LES model.
Experimental data and numerical results
Bearing in mind that in this work our aim is to show the feasibility of the proposed models to simulate a contaminant dispersion in the atmosphere for a more realistic solution, we are now in a position to specialise the application of this methodology for a problem with the wind speeds evaluated by the MesoNH research model (Lafore et al., 1998; Cuxart et al., 2000) . The MesoNH has different parameterisations available and can be run in different modes, from mesoscale to LES. The model uses an anelastic system of equations written with a Gal-Chen and Sommerville vertical system of coordinates. The turbulence closures available are the eddy diffusivity based on the Turbulent Kinetic Energy (TKE) budget equation of Cuxart et al. (2000) and the Eddy-Diffusivity/Mass-Flux (EDMF) scheme developed by Soares et al. (2004) . The convection scheme is based on a bulk mass-flux convection parameterisation for deep and shallow convection (Bechtold et al., 2001 ). MesoNH has a statistical subgrid condensation scheme based on the distributions of the grid scale values of θ l and q t , and their variances which are supplied by the general turbulence scheme. The radiative scheme implemented in MesoNH is the one of the European Center for Medium-Range Weather Forecasting (ECMWF) model. This study is based on a simulation with four nested grids: the coarser two run in the regional mode and the inner two grids in LES mode, with a two-way interaction between them. The outer grid is forced by a reanalysis of the ECMWF model. The main properties of the four grids are the following:
Grid 1 (Mesoscale, horizontal resolution: 10 km, (nx,ny,nz) = 60 × 60 × 120 and ∆t = 8 sec)
Grid 2 (Mesoscale, horizontal resolution: 2 km, (nx,ny,nz) = 60 × 60 × 120 and ∆t = 4 sec)
Grid 3 (LES, horizontal resolution: 400 m, (nx,ny,nz) = 120 × 120 × 120 and ∆t = 1 sec)
Grid 4 (LES, horizontal resolution: 100 m, (nx,ny,nz) = 96 × 96 × 120 and ∆t = 0.5 sec).
The experiment consisted of the controlled releases of radioactive tritiated water vapour from the meteorological tower, 100 m in height, close to the power plant in Itaorna Beach from 28 November to 4 December 1984 (Biagio et al., 1985) . The nuclear power plant is located at latitude -23.0079 and longitude -44.4612. The total time of emission was 90 min for each day in all cases around midday Local Standard Time (LST). The collection of water vapour over cooled aluminium plates in the numbered location took place in three subsequent periods (1, 2 and 3) 20 min each, 30 min after the beginning of the release to allow the source and the plume transport to reach a supposed stationary condition on the measurement area. All relevant details as well as the synoptic meteorological conditions during the dispersion campaign were also described in Biagio et al. (1985) . In this work, the simulations were accomplished on the first day (28 November). The roughness length utilised was z o = 1 m and the emission rate Q = 20.5 MBq/sec. In Figure 1 , we show the wind field from the MesoNH research model. The wind flow in the region is highly complex due to the thermal-induced circulations like the sea and mountain breezes. These circulations are present here and they interact creating an extremely complex wind pattern responding to the irregular coast and complex orography. As can be seen in Figure 1 , the wind field at 12LT given by the model grid of 10 km reveals that sea breeze and orographically-induced winds are prevalent. However, when we zoom this analysis for 400 m resolution (Figure 2) , the wind pattern is much more complicated responding to local coast features and generating very local wind directions and intensities not present in the lower resolution grids. These local effects have an important impact on the pollution dispersion that can have an important contribution addressing it with the help of high-resolution models. The model used is MesoNH (Lafore et al., 1998) . The model used is MesoNH (Lafore et al., 1998) .
In Figures 3 and 4 , the vertical profiles of vapour mixing ratio and potential temperature above the nuclear reactor of Angra dos Reis at 12LT are shown, respectively. The profiles show the well-mixed boundary layer for both properties with approximately 1.2 km inversion height. From 6LT, the boundary layer temperature increased by only roughly 4 K due to the presence of the sea breeze. The micrometeorological dataset, obtained from LES model, used to obtain the numerical results are presented in Table 1 (where u * = friction velocity, w * = convective velocity and h = ABL height). Table 2 presents some statistical performances (Hanna, 1989) using the simulations of the solution to Problem (1) for wind field and micrometeorological parameters from MesoNH (LES) and semi-empirical equations. The statistical index Fractional Bias (FB) says if the predicted quantity underestimates or overestimates the observed ones. The statistical index Normalised Mean Square Error (NMSE) represents the quadratic error of the predicted quantities related to the observed ones. The best results are expected to have values near to zero for the indices NMSE, FB and Fractional Standard deviations (FS), and near to 1 in the indices Correlation coefficient (COR), Factor of two (FA2) and Factor of five (FA5) (simulations in complex terrain is usually FA5). Figure 5 shows the observed and predicted scatter diagram of ground-level concentrations using micrometeorological parameters (LES) and wind field from the MesoNH model. Promptly, we observed from Table 2 and Figure 5 that the models satisfactorily reproduce the concentrations, particularly the slightly better results, with the GILTT method. GILTT* represents result simulations using semi-empirical equations to determine micrometeorological parameters and wind field. The best results were obtained with the use of the micrometeorological parameters (LES) and wind field from the MesoNH model. The analysis of the results shows a reasonably good agreement between the computed values against the experimental ones using data from the MesoNH model. 
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Note: GILTT* represents result simulations using semi-empirical equations to determine micrometeorological parameters and wind field. Observing these results, it is important to mention that the differences among the experimental data do not depend on the solution of the diffusion equation but on the equation itself which is only a model of reality. It must be borne in mind that when using models, while they are rather sophisticated instruments that ultimately reflect the current state of knowledge on turbulent transport in the atmosphere, the results they provide are subject to a considerable margin of error. This is due to various factors including, in particular, the uncertainty of the intrinsic variability of the atmosphere. Models, in fact, provide values expressed as an average, i.e., a mean value obtained by the repeated performance of many experiments, while the measured concentrations are a single value of the sample which the ensemble average provided by models refer to. This is a general characteristic of the theory of atmospheric turbulence and is a consequence of the statistical approach used in attempting to parameterise the chaotic character of the measured data.
Conclusions
From the previous results, we are confident to affirm that the methods reported are equivalents under the numerical point of view because of the good agreement encountered. Now, focusing on the main objective of this work which, for the first time, uses micrometeorological parameters and wind profile generated by LES and the MesoNH model (the MesoNH model has the ability to run both large eddy and mesoscale simulations) we must emphasise the improvement of the results attained when compared with semi-empirical results. The improvement is expected because, besides micrometeorological parameters considered, we used an LES version code that allowed us to perform calculations with a refined grid (~100 m). Therefore, we would like to point out that we had hit our goal in this work showing the aptness of the discussed methods to solve a contaminant dispersion problem in the atmosphere considering more realistic micrometeorological parameters and wind fields. Furthermore, we also showed the coupling of the analytical solutions with the micrometeorological parameters (LES) and wind profile generated by the MesoNH model. Finally, we will focus our future attention to the task of solving this sort of problem by the three-dimensional ADMM and GILTT solutions considering the micrometeorological parameters and wind field generated by LES and MesoNH for all Angra dos Reis experiments.
